INTRODUCTION 43
Pleiotropic effects manifesting at different ages are the basis of the Antagonistic Pleiotropy 44 theory for the evolution of aging. This theory proposes that since the strength of natural 45 selection declines with age, gene variants with late-life deleterious effects can still be 46 positively-selected if they have early-life beneficial effects (Williams 1957) . This theory 47 explains aging as the result of gene variants that promote early life processes, such as 48 development and reproduction, but delimit lifespan. Examples of antagonistic pleiotropy 49 have been described (and debated), including the TOR pathway, which regulates protein 50 synthesis with contrasting impacts on growth and development versus lifespan, and p53 51 which prevents cancerous cell proliferation, but also promotes cell senescence (Rodríguez et adulthood in various tissues, including the gut, epidermis, muscle, neurons, and the gonad 59 (Liu et al. 2018) . Early work demonstrated its importance for reproduction (Orsborn et al. 60 described effects on stress resistance were independent of the p38 pathway (Twumasi-68 Boateng et al. 2012). To a large extent, age-dependent contributions of KGB-1 depended on 69 the stress-protective and longevity-associated transcription factor DAF-16 (Kenyon et al. 70 1993; Larsen et al. 1995; Ogg et al. 1997 (Liu et al. 2018 ), but to date, no molecular mechanism was identified that 78 mediated these effects. Here, we show that the microRNA mir-71, and potentially additional 79 microRNAs, are regulated by KGB-1 in an age-dependent manner and are required to 80 mediate effects on DAF-16, as well as for a subset of KGB-1 age-dependent contributions to 81 stress resistance and lifespan. 82
MATERIALS AND METHODS 83
Strains 84
Strains used included kgb-1(km21), alg-1(tm492), alg-2(ok304), TJ356 (zIs356 [daf-85
pash-1(mj100);mjEx331[eft-3p::pash-1::GFP::unc-54 3'UTR;myo-2p::mCherry::unc-54 87 6 autoclaving] with 10 mM CdCl 2 and seeded with OP50-1. Survival was scored after 11 hours, 118 at which point the majority of EV fed worms were dead. 119
Tunicamycin development assays 120
Eggs were transferred to NGM plates containing 1μg/ml tunicamycin. After 3 days at 20°C, 121 worms were staged and counted, and the percentages at different stages, as well as dead 122 worms, calculated. 123
Survival assays 124
Survival experiments were carried out at 20°C, unless otherwise specified. Worms were 125 exposed to RNAi from L4 to day 2 of adulthood, and then transferred to NGM plates with 126 100 μg/ml kanamycin seeded with kanamycin-killed OP50-1, and survival scored every 2 127 days. Statistical evaluation of differences between survival curves was performed using 128
Kaplan-Meier analysis, followed by a log-rank test. 129
Quantitative RT-PCR 130
Total RNA was extracted from 100 to 500 animals using TRIzol (Invitrogen). RNA was 131 treated with DNase to remove genomic DNA contamination (QIAGEN, Hilden, Germany), 132 and cDNA was synthesized using iScript TM (Bio-Rad). SYBR Green quantitative (q)RT-PCR 133 was performed using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) on a 134
StepOnePlus system (Applied Biosystems, Foster City, CA). Gene-specific threshold cycle 135 (Ct) values were normalized by subtracting the respective values for measurements of actin 136 gene expression. Statistical significance was calculated with a t-test based on actin-137 normalized Ct values. Primers, whose sequences are listed below, were used with an 138 annealing temperature of 60°. Table S1 ). Disruption of 169 mir-71 largely prevented detrimental effects of vhp-1 knock-down also in fertile animals, but 170 not as reproducibly (Table S2) . 171
Argonaute-like proteins are required for microRNA processing and binding, and the two 172 main C. elegans homologs, alg-1 and alg-2 were reported to have opposite effects on 173 lifespan, with alg-1 extending it and alg-2 restricting it, both through interactions with IIS 174 (Aalto 2018). We found that alg-1 was required for the detrimental effects of KGB-1 175 activation, while alg-2 was not ( Fig. 1D ). Furthermore, disruption of the pash-1, encoding a 176 nuclear RNAase III co-factor necessary for microRNA processing (but not siRNA/RNAi), 177 abolished the detrimental effects of KGB-1 activation. In contrast, animals with disruption of 178 the RNAase III gene itself, drsh-1, which are short-lived to begin with, still showed 179 detrimental effects following vhp-1 knock-down. 180
KGB-1 activation modulates mir-71 gene expression in an age-dependent manner 181
To examine the relationship between KGB-1 activation and mir-71 expression we employed 182 transgenic worms expressing GFP from the mir-71 promoter (Martinez et al. 2008 ). KGB-1 183 activation following vhp-1 knock-down in adults resulted in a significant decrease in 184 expression from the mir-71 promoter, particularly in the intestine (Fig. 2) . This was observed 185 as early as two days from the beginning of RNAi exposure, but was more prominent 186 following longer exposure, until day five of adulthood, when mir-71p-driven GFP expression 187 is maximal (Pincus et al. 2011). Furthermore, suppression of mir-71 expression was 188 prominent in cdc-25.1(RNAi)-sterilized worms (Fig. 2 ), but was also apparent in fertile 189 animals (not shown). In all cases, kgb-1 disruption dramatically reduced the effects of vhp-1 190 knock-down, supporting the notion that suppression of mir-71 expression was KGB-1 191
dependent. 192
Previous results demonstrated that KGB-1 contributed to downstream gene expression and 193 phenotypes mostly through cell non-autonomous regulation. This was found to be true also 194 for mir-71 expression, with activation of neuronal KGB-1 potently repressing intestinal mir-195 71 expression, while activation of the intestinal KGB-1 demonstrated marginal effects, 196 similar to those observed in kgb-1 mutants (Fig. S1 ). 197 KGB-1 activation in larvae also affected mir-71 expression. However, in agreement with its 198 age-dependent antagonistic contributions, larval activation of KGB-1, contrasting with its 199 activation in adults, increased mir-71 expression ( Fig. 3A and B ). This was supported by 200 qRT-PCR measurements demonstrating increased expression of the endogenous non-201 processed pri-mir-71 ( Fig. 3C ). In conclusion, mir-71 expression reflects the age-dependent 202 antagonistic contributions of KGB-1 -induced by KGB-1 activation in larvae but repressed 203 by KGB-1 activation in adults. 204
mir-71 is required for KGB-1 dependent attenuation of DAF-16 nuclear localization in 205
adults but not for promoting it in larvae 206 KGB-1 activation was previously shown to modulate DAF-16 nuclear localization in an age-207 dependent and antagonistic manner, and daf-16 was shown to be required for most of the 208 KGB-1-dependent phenotypes (Twumasi-Boateng 2012). mir-71 was also shown to modulate 209 DAF-16 nuclear localization (Boulias, 2013) . Thus, we examined whether mir-71 was 210 involved in modulating DAF-16 nuclear localization following KGB-1 activation, 211 specifically DAF-16 attenuation following KGB-1 activation in adults. To this end we used 212 transgenic strains expressing a DAF-16::GFP fusion protein from the daf-16 promoter 213 (Henderson and Johnson 2001) . Sterilization of such worms following exposure to cdc-25.1 214 mutants, but this is more difficult to interpret since these mutants show little nuclear 218 localization to begin with. However, qRT-PCR measurements of mtl-1 expression, a 219 surrogate for DAF-16's output, showed loss of KGB-1-dependent repression, both in mir-71, 220 as well as in alg-1 mutants, supporting a role for mir-71 in mediating the detrimental effects 221 of KGB-1 activation on DAF-16 output (Fig. 4C) . These results suggest that mir-71 mediates 2014). To examine the involvement of microRNA processing and mir-71 in these protective 237 contributions, we evaluated development of alg-1 and mir-71 mutants in the presence of 238 tunicamycin, an inhibitor of protein glycosylation, which causes ER stress, and their 239 resistance to acute heavy metal stress in the form of 10 mM cadmium. We found that alg-1 240 mutants were somewhat susceptible to ER stress, showing retarded development similar to mir-71 mutants on the other hand were as resistant to ER stress as wildtype animals. This 243 suggested that the microRNA processing machinery was involved in developmental ER stress 244 resistance, but could not account for the full scope of KGB-1's contribution; further, mir-71 245 was dispensable. In contrast to the partial involvement in developmental ER stress resistance, 246 larval resistance to cadmium following KGB-1 activation was fully dependent on alg-1 and 247 specifically required mir-71 (Fig. 5B ). Together, these results indicate that microRNAs are 248 involved in mediating the protective contributions of KGB-1 in larvae, and that mir-71 is 249 specifically required for some of these contributions, but redundant for others. 250
DISCUSSION 251
Previous work identified an age-dependent switch in the contributions of KGB-1 to stress 252 resistance, which was associated with age-dependent and opposing effects on However, what causes this switch and how KGB-1 activity affected DAF-16 remained a 254 mystery. The results described here offer a clue by identifying the microRNA mir-71 as a 255 downstream mediator of KGB-1, showing age-dependent regulation by KGB-1 and linking 256 KGB-1's activity both to previously-described phenotypes as well as to DAF-16 output. 257
The importance of mir-71 as a downstream mediator of KGB-1 is not similar in different 258 ages. Whereas it was fully required for KGB-1's detrimental contributions in adult animals, 259
i.e. to increased sensitivity to infection, to shortened lifespan, and to reduced DAF-16-260 dependent expression, it was partially redundant for the beneficial contributions of KGB-1 in 261 developing larvae, i.e. it was required for larval resistance to acute cadmium stress following 262 KGB-1 activation, but not for KGB-1-dependent DAF-16 nuclear localization in larvae and 263 for protection from tunicamycin-induced ER stress. While mir-71 was not required for ER-264 stress resistance in larvae, disruption of the argonaute gene alg-1, involved in microRNA 265 processing and binding, did compromise ER stress resistance, suggesting that other developing worms is well-described, thought to ensure developmental robustness (Miska et interactions between the two important regulators. Our results support a role for mir-71 in 285 regulation of DAF-16 and suggest that this regulation can be modulated by KGB-1. Whereas 286 our results do not resolve the tissue from which mir-71 exerted its effects, they do show that 287 it is expressed in the intestine, and that this expression is regulated by KGB-1 in accordance 288 with KGB-1's age-dependent contributions. Whether this intestinal regulation is downstream 289 to the effects of mir-71 on DAF-16 and on survival phenotypes (as some sort of a feedback 290 loop), or upstream of these effects, suggesting a causative role, is not known. Interestingly, 291 our results suggest that mir-71 is involved in cell nonautonomous regulation, but in a 292 different way than those suggested before, as intestinal mir-71 expression depends primarily 293 on neuronal KGB-1, much like many of the KGB-1-dependent phenotypes (Fig. S1) (Liu et 294 al. 2018) . 295
It is worth noting that additional targets were described to be repressed by mir-71, including 296 the transcription factor PHA-4, and the argonaute ALG-1 (Smith-Vikos et al. 2014 ; Inukai et 297 al. 2018 ). The antagonistic nature of these interactions predicts that disruption of mir-71 and 298
alg-1 will have opposing effects on downstream phenotypes. However, the results described 299 here demonstrate similar effects of mir-71 and alg-1 disruptions on lifespan, DAF-16 nuclear 300 localization and on cadmium resistance, indicating that ALG-1 repression is likely not 301 playing a role in the KGB-1-dependent regulation and phenotypes described here. 302
The work here advances our understanding of the antagonistic pleiotropy behavior of KGB-1 303 one notch forward. It points at mir-71 as a hub for age-dependent regulationboth of DAF-304 16, and potentially of additional targets. It further demonstrates age-dependent regulation of 305 mir-71 by KGB-1, but the mechanism responsible for this remains to be found. Table S1 . Detrimental effects of KGB-1 depend on mir-71 411 Table S2 . Involvement of mir-71 and the microRNA machinery in KGB-1 effects in fertile 412 and sterile worms. all cdc-25.1 RNAi-sterilized) exposed to vhp-1 RNAi during adulthood over the respective 423 median of those exposed to control RNAi (EV). Included in median calculations for each 424 strain are two P. aeruginosa infection survival assays, as well as one lifespan assay for 425 wildtype and mir-71 worms (see Table S1 for individual assays). **, p<0.01 compared to 426 wildtype. (C) Lifespan assays for sterile wildtype and mir-71 animals, of a separate 427 experiment than those included in B (N=81-118 worms per group, ***, p<0.001); shown is 428
One representative experiment of three. (D) Lifespan assays of fertile microRNA processing 429 mutants treated with control or vhp-1 RNAi as described above. Asterisks, as above (N=48-430 135 per group). 431 
